Until recently, anion (Cl − ) channels have received considerably less attention than cation channels. One reason for this may be that many Cl − channels perform functions that might be considered cell-biological, like fluid secretion and cell volume regulation, whereas cation channels have historically been associated with cellular excitability, which typically happens more rapidly. In this review, we discuss the recent explosion of interest in Cl − channels, with special emphasis on new and often surprising developments over the past five years. This is exemplified by the findings that more than half of the ClC family members are antiporters, and not channels, as was previously thought, and that bestrophins, previously prime candidates for Ca 2+ -activated Cl − channels, have been supplanted by the newly discovered anoctamins and now hold a tenuous position in the Cl − channel world. 
−
is actively transported in squid axons (2) and secreted (as HCl) by the stomach (3) did not seem to attract much attention. Even the discovery that the inhibitory action of GABA was caused by an increased Cl − conductance did little to dispel the idea that Cl − could be out of electrochemical equilibrium. Because the reversal potentials of GABA-induced inhibitory postsynaptic potentials (IPSPs) were very close to the resting potential, it was reasonably concluded that "normally Cl − ions are in electrochemical equilibrium across the membrane" (4) .
Into the 1990s, the position of Cl − channels in cellular physiology remained in limbo. In Hille's 1992 second edition, the four-page section devoted to Cl − channels entitled "Chloride channels stabilize the membrane potential" concluded that Cl − channels have "uncertain physiological significance in many cell types" (5) , but by 2001, the Cl − channel section was renamed "Cl − channels have multiple functions" (6) . In the 10-year interim between 1992 and 2001, Cl − channels had begun to acquire some respectability, largely because two Cl − channels linked to human disease, CFTR (cystic fibrosis transmembrane conductance regulator) and ClC-1, were cloned.
It is now clear that in most cells, Cl − is actively transported and is out of electrochemical equilibrium and is therefore capable of doing work and signaling (Figure 1 ). For example, epithelial cells, immature neurons, and sensory neurons express transporters like the Naindependent Cl − -HCO 3 − exchangers (AE1-3, SLC4A1-3), the Na + -K + -2Cl − cotransporter (NKCC1-2, SLC12A1-2), or the Na + -Cl − cotransporter (NCC, SLC12A3), which pump Cl − into the cell. In epithelial cells, the resulting high intracellular Cl − concentration drives fluid secretion when Cl − passively exits the cell through apical Cl − channels and Na + and water follow. Other cell types, such as most mature neurons, express transporters that pump Cl − out of the cell such as the K + -Cl − cotransporters (KCC1-4, SLC12A4-7) and Na + -dependent Cl − -HCO 3 − exchangers (NDCBE, SLC4A8-10). In mature neurons, the low intracellular Cl − concentration is the basis for the typical hyperpolarizing action of GABA. In contrast, immature neurons express Cl − loaders so that GABA produces depolarizing postsynaptic potentials that may be important in stabilizing developing synapses (7) .
The expression of Cl − transporters is regulated both temporally and spatially, so that resting intracellular [Cl − ] is dynamically modulated. Dramatic changes in intracellular [Cl − ] have been documented to occur both slowly during development and more acutely in response to synaptic activity (8) (9) (10) . If intracellular [Cl − ] is dynamic, this raises the possibility that Cl − may function as a second messenger. There are numerous examples of proteins whose activity is dependent upon or regulated by Cl − ( Table 1) . For example, the Na
− cotransporter NKCC1 is activated by low intracellular Cl − via a Cl − -sensitive protein kinase that is likely to be a WNK kinase (11, 12) . Cellular Cl − signaling. Cells actively transport Cl − across the plasma membrane by transporters that accumulate Cl − intracellularly (Cl − loaders, including the Na + -K + -Cl − cotransporter NKCC, the Cl − -HCO 3 − exchanger AE, and the Na + -Cl − cotransporter NCC) or pump Cl − out of the cell (including the K + -Cl − cotransporter KCC and the Na + -dependent Cl − -HCO 3 − exchanger NDCBE). Cl − flows passively across a variety of Cl − channels in the plasma membrane, including Ca 2+ -activated Cl − channels (CaCC), cAMP-activated Cl − channels (CFTR), cell volume-regulated anion channels (VRAC), and ligand-gated anion channels (GABA A and glycine receptors). In addition, Cl − channels and transporters are found in intracellular membranes, such as the endosomal-lysosomal pathway, and play a role in regulating intravesicular pH and Cl − concentration. Intravesicular pH and [Cl − ] are important in vesicular trafficking (188) . Finally, many proteins are regulated by Cl − , as depicted by the Cl − -binding protein.
Cl
− channels exhibit very low selectivity among inorganic anions (Br − , I − , Cl − ), and some channels even allow some large organic anions to permeate (e.g., Reference 13) . For this reason they should more precisely be called anion channels. The term Cl − channel may be an appropriate default term because Cl − is usually the predominant anion in biological systems. But despite its lower abundance, HCO 3 − is a physiologically important anion in biological systems. CFTR-dependent HCO 3 − secretion
Cystic fibrosis (CF):
a common genetic disease caused by dysfunction of the Cl − channel CFTR is important in the pathogenesis of cystic fibrosis (CF), although questions remain as to how much HCO 3 − transport occurs via CFTR and HCO 3 − transporters such as SLC26A3 that are regulated by CFTR (e.g., References 14 and 15) . HCO 3 − is significantly permeant through bestrophin channels (e.g., Reference 16). Superoxide is another low-abundance, but highly significant, biological anion. Recently it has been suggested that ClC-3 may be a pathway by which superoxide exits endosomes (17, 18) . 
CHLORIDE CHANNEL DYSFUNCTION PRODUCES HUMAN DISEASE
Interest in Cl − channels in the 1990s was buoyed by the finding that several human diseases are Cl − channelopathies.
Myotonia Congenita
In the 1960s and 1970s Shirley Bryant established that myotonia congentia is related to a defect in the skeletal muscle Cl − conductance (19, 20) by showing that myotonic muscle fibers have an increased membrane resistance and decreased Cl − conductance. Normal muscle fibers in low Cl − medium behave like myotonic fibers; they are hyperexcitable and tend to fire action potentials spontaneously. Thomas Jentsch's expression cloning in 1990 of the ClC channels then paved the way for showing that myotonia congenita is caused by mutations in the ClC-1 channel (22, 23) . Some of the myotonia-causing ClC-1 mutations alter voltage sensitivity (24) , whereas others alter relative cation/anion permeability (25) .
The mechanism of myotonia illustrates how Cl − channel function can be subtle. In muscle, the Na + -K + ATPase sets up transmembrane K + gradients, and inwardly rectifying K + channels establish the resting membrane potential (E m ∼ E K ). Because active Cl − transport is relatively small and the resting Cl − conductance is high, Cl − distributes passively across the plasma membrane (E Cl = E m ∼ E K ) (26, 27) . The Cl − conductance is several times larger than the K + conductance, and thus the Cl − battery acts as a very strong buffer of membrane potential. When K + accumulates extracellularly in the transverse tubules during muscle activity, E K changes transiently. One would expect this to depolarize the muscle, but the large Cl − conductance keeps the resting membrane potential near E Cl , which is slow to change and remains near the resting E K . In myotonic muscle, the accumulated K + quickly depolarizes the muscle fiber, and repetitive activity and hyperexcitability develop (28) .
Cystic Fibrosis
Although the first indication that CF is due to an electrolyte disturbance was the discovery in 1953 that the sweat of CF patients is unusually salty (29) , it was nearly 30 years before it was proposed that the disease is caused by a defect in Cl − transport (30) and 35 years before it was shown to be a Cl − channelopathy (31) . The proposal that CF is caused by a problem of Cl − balance was based on the finding that CF sweat ducts and airways exhibit very low Cl − permeabilities (30, 32) . In 1989, the gene (CFTR) responsible for CF was positionally cloned (33) (34) (35) , but it was not until CFTR was incorporated into artificial lipid bilayers that it was universally agreed that CFTR is a Cl − channel (36) . But, even though it is clear that CFTR is a Cl − channel, its evolutionary roots show that it evolved from a transporter (37, 38) .
Despite the identification of the molecule responsible for CF, our understanding of how In recent years, the number of human diseases caused by disorders in Cl − channel and transporter function has grown to include more than a dozen diseases ( Table 2) .
CHLORIDE CHANNEL FAMILIES AND PRINCIPLES OF ORGANIZATION
Studies on cation channels over the past several decades have revealed certain similarities and guiding principles of operation (such as the twotransmembrane domain-reentrant loop structure of the pore, the positively charged voltage sensor, and their heteromeric nature), but it is disheartening that such broad principles have not yet emerged for Cl − channels. Of the Cl − channel families we know, there are few, if any, obvious common principles except that Cl − channels are rather Relationship of biophysically identified Cl − channels to genes. Various kinds of Cl − channels that have been described in native cells by electrophysiological analysis are shown at the left. Candidate gene families are shown on the right. Lines show proposed relationships between the native channels and candidate genes. In many cases, a biophysically identified channel has been linked to multiple genes.
nonselective among anions. It is even difficult to make an unambiguous statement about how many families of Cl − channels are currently known. The simple statement is that there are five Cl − channel families: ligand-gated anion channels, CFTR, ClCs, bestrophins, and TMEM16A/anoctamins. However, of the nine mammalian ClC Cl − "channels," only four are actually channels; the others are Cl − -H + exchangers. And although there is strong evidence that bestrophins are Cl − channels, some nagging data seem inconsistent with that conclusion (42) . Two members of the recently identified TMEM16A/anoctamin family have been shown to be Ca 2+ -activated Cl − channels, but some of the others may not serve the same function (43) . Moreover, CFTR is a channel that looks like a transporter and has an excessively complicated energy-consuming gating mechanism (37) . In addition to these major Cl − channel families, there are proteins that are often not discussed in polite conversation, most notably the CLCA (Ca 2+ -activated Cl − channel) family and the CLICs (Cl − intracellular channels). In addition, some members of the SLC26 family of anion transporters (SLC26A7, SLC26A9) may be Cl − channels (44) , and certain members of the glutamate transporter family can also function as Cl − channels (45) (46) (47) . Figure 2 shows the kinds of Cl − channels that have been identified biophysically and their molecular counterparts.
THE CLC FAMILY
ClC proteins form a family of Cl − transport proteins that are expressed in nearly all phyla. These proteins may be separated into two functional groups: voltage-gated Cl − channels and Cl − -H + exchangers (Figure 3) . Although evolutionarily these proteins are very similar, the mechanisms by which they perform their functions are very different. The functional unit of the ClC protein family is a homodimer, although heterodimers can form (48) . In mammalian systems, ClC proteins mediate Cl − flux across the plasma membrane and intracellular membranes in most cell types and participate in maintenance of resting membrane potential, cell volume regulation, and acidification of intracellular compartments such as endosomes and lysosomes (49) .
There are four mammalian ClC proteins (ClC-1, -2, -Ka, and -Kb) that act as voltagegated anion channels (not transporters) at the plasma membrane. The canonical ClC channel protein, ClC-0, was cloned from the electric organ of the Torpedo electric ray. ClC channels generally display a halide selectivity sequence of Cl − > Br − > I − and have low cation permeability. ClC channels are homodimeric, with single protopore conductances of 10 pS, 1.5 pS, and 3 pS for ClC-0, -1, and -2, respectively (49) . In addition to being activated by changes in membrane potential, ClC channels are also modulated by intracellular and extracellular [Cl − ] and pH (50) . pH regulates the channel by protonation of the fast gate, whereas regulation by [Cl − ] may reflect the voltage-dependent binding or entry of the permeant ion into the channel.
It has recently come to light that some ClC proteins (ClC-3, -4, -5, -6, and -7 and the bacterial ClCs) mediate Cl − -H + exchange rather than voltage-dependent anion channel activity (Figure 3) . Unlike their channel counterparts, the exchanger subtypes are generally found on intracellular membranes. ClC transporters mediate the exchange of two Cl − ions for a single proton (51). Iyer and coworkers (52) showed that the bacterial ClC exchanger is involved in extreme acid resistance. Indeed, the mammalian ClC proteins play a role in acidification of endosomes and lysosomes (53) (54) (55) (56) (57) . Interestingly, ClC-3 is regulated both by CaMKII-dependent phosphorylation and by inositol (3,4,5,6)-tetrakisphosphate, which can alter endosomal pH (58, 59) . Similarly, disruption of ClC-4 expression is associated with alkalinization of endosomal pH (60) . Loss-offunction mutations in ClC-5 result in Dent's disease, a syndrome characterized by kidney stones, proteinuria, and hypercalciuria. ClC-5, which is present on the plasma membrane and throughout the endocytic pathway, colocalizes with the proton pump in kidney cells (61) . Endosomes from ClC-5 knockout mice are acidified at a significantly lower rate than for wild type (62) . There is some debate whether ClC-7 is involved in lysosomal acidification. Although Mindell and coworkers found that ClC-7 is the major Cl − counterion pathway in lysosomes and plays a role in lysosomal acidification (54) , Thomas Jentsch's lab reported that knockout of ClC-7 in mice does not alter lysosomal acification, although ClC-7 does alter lysosomal enzyme levels and produces neuronal degeneration (63) . In addition to affecting endosomal acidification, ClC transporters can influence other vesicular contents, notably zinc. In PC-12 cells, ClC-3 channels functionally interact with the ZnT-3 zinc transporter, modulating vesicular zinc stores (64) .
A THIN LINE BETWEEN CHANNELS AND TRANSPORTERS
Many questions exist about how ClC proteins having similar architecture are able to transport Cl − across cell membranes by two very different mechanisms. Miller (65) recently proposed that ClC-0 is a "broken" transporter. Early work showed that ClC-0 gating is a nonequilibrium process in which the channel preferentially cycles through gating states (66) . This asymmetry was also shown to be dependent on the electrochemical gradient for Cl − . Lísal & Maduke (67) confirmed Miller's proposal by showing experimentally that the gating cycle can be altered by changing the proton gradient when the Cl − electrochemical gradient is kept constant. Thus the asymmetry of ClC-0 gating is driven by the proton gradient, and not the gradient for Cl − . These authors suggest that this is a remnant of the evolution of ion channels from an ancestral transporter (65, 68) . This idea is strengthened by data that other ClC channels show pH-dependent changes in activity. ClC-2 is activated by moderate acidification but inhibited by strong acidification of the extracellular solution (69) . Sepulveda and colleagues (69) identified an extracellularly facing histidine, H532, that leads to channel closure when protonated. The H532F mutation abolishes acidification-dependent channel inhibition, and the voltage dependence of activation is imparted by voltage-dependent protonation of the gating glutamate. Thus, even in the ClC proteins that are bona-fide channels, protons play a crucial role in channel gating.
The structural differences between the channel and transporter subtypes seem surprisingly small. The intracellular proton transfer site, which is a glutamate in all ClC transporters, is valine in ClC channels (70) . Interestingly, the location of the intracellular proton site is located away from the presumed Cl − conduction pathway, suggesting there may be a separate H + conduction pathway (Figure 4d ). Miller's group has also been able to engineer a Cl − selective "channel" from the Escherichia coli ClC by mutating the gating glutamate together with Y445, which forms part of the most external Cl − -binding site (71) . The flux rates of these mutants were inversely proportional to the side-chain volume of the replacement residue, i.e., channels with smaller side chains displayed higher flux rates. The close link between channel and transporters is further supported by mutagenesis data showing that when proline-160, the residue involved in nitrate/Cl − selectivity in the Arabidopsis ClC transporter, replaces the corresponding serine in ClC-0 (S123P), ClC-0 becomes more permeable to nitrate (72) . Thus, only very small changes are required to evolve selective Cl − transport from a ClC transporter, although evolution of finely tuned gating mechanisms is likely to be much more complex. 
ARCHITECTURE OF ClC PROTEINS
Prior to the cloning of ClC-0, studies performed on the voltage-dependent Cl − conductance from Torpedo electroplax suggested that the functional unit of this protein contained two Cl − conductance pathways (73) . After the cloning of ClC-0, the functional oligomeric structure of this protein was unambiguously shown to be homodimeric, with each protopore possessing a Cl − conduction pathway (74, 75) . Single-channel recordings of ClC-1 and ClC-2 suggest a similar dimeric structure for ClC-1 and ClC-2 (21, 76) . Each protopore is independently controlled by a fast gate located within the ion permeation pathway, whereas both pores are controlled simultaneously by a slow gate (49) . Closure of the slow gate leads to channel closure for seconds, whereas the fast gates operate in milliseconds.
In 2002, Rod MacKinnon's lab (77) solved the high-resolution crystal structures of two bacterial ClC proteins, from Salmonella typhimurium and E. coli. Both of the bacterial ClC proteins formed homodimeric functional units, with both the N and C termini of each monomer being cytosolic (Figure 4a,b) . These structures also revealed that the membrane topology was much more complicated than originally proposed; each subunit contained 17 intramembrane helices (Figure 4a) . This basic topology is thought to be conserved throughout the ClC family, as shown for ClC-0 (78) and ClC-2 (79) .
Despite the fact that the bacterial proteins are not channels, but rather Cl − -H + antiporters, the crystal structures have revealed the Cl − conductance pathway within each subunit by the presence of three Cl − ions bound within each pore. The external binding site, S ext , may be occupied either by Cl − or by the side chain of the conserved glutamate residue E148, which is the primary molecular determinant for fast gating (77, 80, 81 The intracellular C-terminal domains of mammalian ClC proteins are larger than those of the bacterial counterparts and are likely to be involved in channel gating or regulation. Each C-terminal domain contains two cystathionine-β-synthase (CBS) domains, which interact with each other within a subunit and with other CBS domains in the partner subunit (83, 84) . The crystal structures of the C-terminal domains of three ClC proteins (ClC-0, ClC-Ka, and ClC-5) have recently been solved. They all adopt similar folds (Figure 4c) . Evidence for dimerization has also been provided for the C-terminal domains of ClC-Ka and ClC-0 (83, 85) .
The crystal structure of the ClC-5 CBS domains shows that ATP is coordinated at the CBS1/CBS2 interface (86) 
to bind nucleotides. ClC-1 and ClC-2 gating is affected by ATP by a mechanism that requires the CBS domains (87) (88) (89) . ClC-1 is inhibited by intracellular ATP, and this inhibition is enhanced by intracellular acidification, suggesting a possible mechanism for muscle fatigue (87, 88, 90) . Although Zifarelli & Pusch (89) could not replicate these results using inside-out patches from Xenopus oocytes, it has been suggested that this is because inhibition of ClC-1 by ATP depends on its oxidation state; ATP inhibits only reduced channels (91) . These data lead to the reasonable conclusions that the CBS domains of ClC-1 coordinate ATP and that these domains may be an essential domain for ClC protein modulation by intracellular factors. Mutations in the C-terminal CBS domains alter both fast and slow gating.
TMEM16/ANOCTAMINS: THE NEWEST CHLORIDE CHANNEL FAMILY
The anoctamin family (also called TMEM16) was recognized several years ago as the result of bioinformatic analysis of sequence databases ( Figure 5) (98) . Furthermore, the current is strongly outwardly rectifying and is inhibited by high Ca 2+ (94, 95) . Xenopus Ano1 is similar to native Xenopus oocyte CaCCs, as it exhibits an outwardly rectifying current at low intracellular Ca 2+ but displays a linear current-voltage relationship at higher intracellular Ca 2+ (94) . Ano2 is also outwardly rectifying but activates more quickly than Ano1 and has a significantly lower apparent Ca 2+ affinity (96, 97) . The anion selectivity sequence of Ano1 and Ano2, (NO 3
, is the same as those of native CaCCs (93) (94) (95) (96) , as is the pharmacology. Ano1 and 2 are blocked by traditional Cl − channel blockers, including DIDS (4,4 -diisothiocyanatostilbene-2,2 -disulfonic acid), NPPB [5-nitro-2-(3-phenylpropylamino)benzoic acid], tamoxifen, and NFA (niflumic acid) (95, 96) . Although Pifferi et al. (96) showed that Ano2 is blocked by DIDS, Stohr and colleagues (97) found that it was not blocked by DIDS.
Ano1 and Ano2 are the first CaCC candidates shown to be activated by physiological Ca 2+ signals provided by G protein-coupled receptor (GPCR) stimulation. When mAno1 or mAno2 is cotransfected with GPCRs that raise intracellular Ca 2+ in human embryonic kidney (HEK) 293T cells, GPCR activation induces Ano1 currents (95, 96) . GPCR activation of a CaCC resembling Ano1 is observed in the pancreatic cell line CFPAC-1 in response to purinergic receptor activation. This current is abolished in cells transfected with Ano1 siRNA (93) . Similarly, coexpression of Xenopus Ano1 with the M1 muscarinic acetylcholine receptor induces Cl − currents in response to carbachol (94) . Ano1 also mediates physiological responses of CaCCs in vivo. Treatment of mice with Ano1 siRNA reduces the rate of pilocarpine-induced salivary secretion (95) . Ano1 may also be responsible for facilitating other CaCC-mediated physiological responses, as it is expressed in a variety of epithelial tissues known to have robust CaCCs, such as bronchioles, the mammary gland, and the pancreas (93, 95, 99, 100) . Ano1 very likely contributes to the CaCC in tracheal epithelium. Mice HEK cells: a human embryonic kidney cell line used for channel expression homozygous for a null allele of Ano1 exhibit a greater than 60% reduction in UTP-stimulated CaCC activity in trachea compared with wildtype mice (101) .
Ano2 is expressed in photoreceptors and olfactory sensory neurons, both of which possess large CaCCs. In photoreceptors, Ano2 is present in synaptic membranes, where it colocalizes with a presynaptic protein complex containing the adaptor proteins PSD95 (with which it interacts directly via its C-terminal domain), VELI3, and MPP4 (97) . Through this presynaptic scaffold, Ano2 appears to be tethered to membrane domains along the photoreceptor terminals, where its function may be to regulate synaptic output. Ano2 likely has important roles in olfactory signal transduction as well (102) . In the cilia of olfactory sensory neurons, a Ca 2+ -activated Cl − conductance serves as an amplification step that accounts for the majority of odorant-induced depolarizing current. Ano2 may be a major component of the olfactory CaCC, as it is present in the membranes of olfactory cilia and has channel properties similar to those of native olfactory CaCCs. Ano2 and native CaCCs share similarities in channel rundown, halide permeability, Ca 2+ sensitivity, and single-channel conductance. There are, however, differences in channel inactivation kinetics. Unlike the native olfactory CaCC, steady secondary decline of Ano2 current at positive holding potentials is minimal. Therefore, although Ano2 is the probable pore-forming subunit, the presence of an additional regulatory subunit cannot be excluded. Best2 has also been proposed as a candidate olfactory CaCC but displays channel properties not consistent with those of native currents, differing in Ca 2+ sensitivity, inactivation kinetics, and single-channel conductance (103) .
ANOCTAMIN STRUCTURE AND FUNCTION
The anoctamins do not share significant sequence homology with other known ion channel families. However, they do share distant www.annualreviews.org • Chloride Channelsprimary sequence homology with a family of transmembrane proteins of unknown function, the transmembrane channel like (TMC) family (104) . Although anoctamins are found in all eukaryotic kingdoms, they are best represented in higher vertebrates. Mammalian anoctamins have 10 gene members that are well conserved across species and are predicted to have similar topologies. Hydropathy analysis of anoctamins predicts an eight-transmembrane structure with cytoplasmic N and C termini (92) . The transmembrane topology of Ano7 has been experimentally verified using epitope tag insertion and N-glycosylation site accessibility (105) .
Mutational analysis of Ano1 places the putative pore region in a highly conserved region between transmembrane domains 5 and . Amino acids that differ from the majority are shown in red. Consensus is shown by background shading from white (100% identical) to blue (0% consensus). In the sequence logo at the bottom, the height of the individual letters represents the sequence information content in that particular position of the alignment according to a computed score based on Shannon entropy (189) . Alignment and graphics were made with CLC Protein Workbench (www.clcbio.com).
(TM5 and TM6
). This region is predicted to form a reentrant loop and contains three positively charged residues that are conserved in most isoforms (R621, K645, and K668). When these residues are mutated to a negatively charged residue, glutamate, Ano1 shows a marked increase in cation permeability relative to anion permeability. Furthermore, neutralization of basic amino acids in TM5 and TM6 that flank the reentrant loop alters channel gating and voltage dependency (93) . To further examine the importance of this region in the ion conduction pathway, Yang et al. (95) determined the accessibility of cysteines in this region to membrane-impermeant thiol reagents. MTSET completely blocks the wild-type Ano1 current but has no effect on mutants in which the three cysteines in the reentrant loop are replaced with alanines (C625A, C630A, C635A). These data suggest that the region encompassing TM5 and TM6 is a pore-forming region and is an important determinant of the permeation pathway in Ano1. Ano1 does not have any apparent Ca 2+ -binding sites such as EF hands or IQ-domain CaM-binding sites. However, it does have a structure that is reminiscent of the Ca 2+ bowl of the large-conductance Ca 2+ -activated K channel (BK) that is involved in Ca 2+ binding. This domain is located in the first intracellular loop and has 5 consecutive glutamic acid residues. It is likely that this region will turn out to have at least one of the Ano1 Ca 2+ -binding sites.
Anoctamins exhibit multiple alternatively spliced forms. Ano1 has at least 4 alternatively spliced exons encoding intracellular regions of the protein (93) . Splice variants a, ac, abc, and abcd produce currents when expressed in HEK cells, whereas the variant lacking these segments is not functional. Ano7 has two splice variants: a 933-amino-acid plasma membrane protein and a shorter 179-amino-acid cytosolic protein (106) . A GenBank search reveals that many of the anoctamins also have short isoforms, suggesting that they may also have nonchannel functions. 
POSSIBLE ROLES OF ANOCTAMINS IN DEVELOPMENT AND CANCER
Mutations in Ano5 are responsible for a rare autosomal dominant skeletal syndrome, gnathodiaphyseal dysplasia (GDD). Mutations in C356, a conserved cysteine in the first extracellular loop of Ano5, result in bone fragility and abnormal bone mineralization (107, 108) . Ano5 resides on the cell surface and in intracellular membrane vesicles and shows a high level of expression in cardiac and skeletal muscle tissues as well as in growth-plate chondrocytes and osteoblasts in bone (109) . The function of Ano5 is unknown, but evidence suggests that it may play a role in the development of the musculoskeletal system (109) .
Mice homozygous for a null allele of Ano1 display ventral gaps in the tracheal cartilage rings and die within the first month of life due to these abnormalities (99) . It is proposed that this defect is due to the improper organization of mutant tracheal epithelium and/or trachealis muscle where Ano1 is expressed. Other anoctamin family members are expressed in several sites of morphogenetic events during development and may have important roles in development as well (100, 110) .
Anoctamins attracted the interest of cancer biologists even before they were identified as ion channels because they are upregulated in a variety of cancers. This is reflected in the various other names for Ano1: TAOS2 (tumor amplified and overexpressed sequence), ORAOV2 (oral cancer overexpressed), and DOG-1 (discovered on GIST-1, a gastrointestinal stromal tumor) (see Reference 43 ). An antibody against DOG-1 has been proposed as the most sensitive method for detecting gastrointestinal stromal tumors (111) . Although Ano1 is upregulated in tumors, no mutations in Ano1 are linked to carcinogenesis (112) . The precise biological role of anoctamins in cancer is unclear, but they may have an important role in cell proliferation and in the progression of tumors to metastatic cancers.
Ano7 (also called NGEP and D-TMPP) was initially found in a guilt-by-association search for genes whose expression patterns mimic those of known disease-associated genes (113). Walker et al. (113) examined the coexpression patterns of 40,000 human genes and identified 8 novel genes that had the highest association with known prostate tumor genes. They concluded that of the 40,000 most-abundant human genes, 8 (including Ano7) are most closely linked to known prostate cancer genes. It remains unclear, however, how Ano7 may function in prostate cancer. Ano7 is expressed on the apical and lateral membranes of normal prostate and prostate cancer cells and is concentrated at cell-cell junctions of the LNCaP prostate cancer cells (114) . Overexpression of Ano7 in LNCaP cells promotes their association. This effect can be abolished with RNAi targeted for Ano7. These studies imply that Ano7 may be responsible for cell contact-dependent interactions in prostate epithelial cells.
The activity of Cl − channels in ascidian embryos and in B lymphocytes correlates with the cell cycle (115) (116) (117) (118) . For example, in ascidian embryos, a Cl − current activates cyclically during mitosis as a result of a dephosphorylation event that is controlled by the cell cycle clock. Because these Cl − channels are also regulated by changes in cell volume, they may be related to the volume-regulated anion channels (VRACs), which are important in compensatory responses of cells to changes in cell volume (119, 120) . Cell cycle-dependent Cl − channels are involved in coupling cell volume/shape changes that occur during cell division (121, 122) . Recent studies have further implicated Cl − channels in cell proliferation in a variety of cell types (123) (124) (125) (126) (127) (128) . Recently, it has been suggested that Cl − plays a role in controlling the G1/S-phase checkpoint by regulating expression of p21, an inhibitor of cyclindependent kinase (128) , and in controlling the earliest stages of apoptosis (129) . In most of these studies, the molecular identities of the channels involved are not known, but anoctamins are intriguing candidates. For example, a Drosophila Ano8/Ano10 ortholog called Axs (aberrant X segregation) is necessary for normal spindle formation and cell cycle progression.
Axs colocalizes with the endoplasmic reticulum and is present in membranes associated with the meiotic spindle in early embryos. A dominant mutation in Axs results in defects in segregation of homologous achiasmate chromosomes, in spindle formation, and in the cell cycle (130) .
BESTROPHIN FUNCTION IS CONTROVERSIAL
In 2002 Jeremy Nathans's lab (131) first proposed that bestrophins are Cl − channels (reviewed in References 42 and 132). In most mammals, there are 4 bestrophin genes. There is a wealth of very convincing data that bestrophins function as Cl − channels. However, because bestrophins apparently can also regulate other ion channels and because there are conflicting data in the literature about their expression patterns and function, skepticism remains about their physiological roles (42) .
First, there is disagreement over which tissues express bestrophins (132) . For example, mBest2 has been proposed to be the CaCC in olfactory epithelium (103) , but other investigators have reported that mBest2 is not expressed in this tissue (133) and that Ano2 is the olfactory channel (102) . A recent report confirms the expression of mBest2 in the cilia of olfactory sensory neurons but concludes that mBest2 is not responsible for the CaCC in these cells because the current is unaffected in the mBest2 knockout (134) . Similarly, RNAi knockdown of mBest1 and mBest2 in the mouse airway results in a significant decrease in CaCC (135) (136) (137) , but Marmorstein et al. (132) did not find that mBest1 is expressed in these tissues. Reports that bestrophins are expressed in pancreas (138) and in salivary gland (139) require confirmation.
Second, the role of Best1 in best vitelliform macular dystrophy (BVMD) is puzzling (see sidebar on BVMD). BVMD is defined clinically by a decreased electro-oculogram light peak (LP), which is thought to be caused by a defective CaCC in the basolateral membrane of the retinal pigment epithelium (RPE). Researchers have discovered more than 100 
Figure 6
Regulation of human Bestrophin 1 (hBest1). hBest1 is regulated directly by Ca 2+ binding to a region immediately after the last transmembrane and by PKC-dependent phosphorylation at S358 in the C terminus. In addition, hBest1 can regulate voltage-gated Ca 2+ channels via an SH3-binding domain in the C terminus. Effects of cell volume on hBest1 are thought to be regulated by phosphorylation-dephosphorylation of S358 via a protein phosphatase, likely protein phosphatase 2A (PP2A), via a pathway that may involve ceramide.
data have led investigators to propose that Best1 plays a role in intracellular Ca 2+ and pH homeostasis ( Figure 6) (132) , which may produce defective phagocytosis of photoreceptor outer segments by RPE cells (42, 132) .
Third, the role of mBest2 in the ciliary body of the eye is paradoxical. mBest2 is expressed in nonpigmented epithelium, which participates in secretion of aqueous humor (133, 148) . mBest2 knockout mice show a lower intraocular pressure (IOP) (133, 148) , as one might expect if mBest2 is the apical Cl − channel that drives fluid secretion in this tissue (149) . Paradoxically however, both the inflow and the outflow of aqueous humor are enhanced in mBest2 knockouts, resulting in overall lower IOP (148) . These data contradict the supposition that mBest2 is involved in aqueous humor production. It is unknown how mBest2 affects both inflow and outflow of aqueous humor because it is expressed only in the nonpigmented ciliary epithelium. These paradoxes might be explained if Best2 is involved in bicarbonate secretion.
Fourth, there are conflicting reports about the nature of the Best3 current. Qu et al. (150) have reported that wild-type mBest3 elicits a tiny, inwardly rectifying current at physiological voltages when it is expressed heterologously in HEK cells. This is similar to the hBest3 current expressed in HEK cells (151) . In contrast, it has been reported that mBest3 cloned from heart exhibits large time-and voltageindependent currents (152) . The amino acid sequence of this clone is identical to the one used by Qu et al. (150) , so the reasons for the different properties remain unknown. To complicate matters, Matchkov et al. (153) have proposed that mBest3 is a cGMP-dependent Ca 2+ -activated current in vascular smooth muscle cells. RNAi knockdown of Best3 in A5r7 vascular smooth muscle cells reduces a cGMPdependent Ca 2+ -activated current that has time and voltage dependency much like the current described by O'Driscoll et al. (152) . It is possible that in native cells Best3 associates with another subunit that confers cGMP dependency, which is not present in HEK cells.
Recently, several papers have suggested the possibility that bestrophins play roles in development and tumorigenesis. For example, Xenopus Best2 is expressed at the edge of the blastopore lip, including the organizer (154) . Ectopic expression of xBest2 causes defects in dorsal axis formation and in mesodermal gene expression during gastrulation. Furthermore, indirect evidence suggests that mBest2 plays a role during differentiation and growth of axons and cilia in the olfactory system (155) . The expression of mBest2 correlates with neuronal regeneration of olfactory neurons and the expression of mBest1 is increased in axonal injury (156) . Best1 is upregulated in fastgrowing colonic cancer cells (157) , and expression of Best1 in mouse renal collecting duct cells causes an increase in cell proliferation and epithelial-to-mesenchymal transition (158) . These data, although correlative, deserve further consideration.
BESTROPHINS ARE REGULATED BY VARIOUS MECHANISMS

Calcium
The bestrophins that have been tested are activated by Ca 2+ with a K d of ∼200 nM (42, 151, 159, 160) . hBest4 and dBest1 in excised patches are activated by Ca 2+ without involvement of any diffusible second messengers (160, 161) , suggesting Ca 2+ binds directly. Using 45 Ca overlay, Xiao et al. (159) found the purified hBest1 C terminus directly binds Ca 2+ . The Ca 2+ -binding site was found to include a cluster of acidic amino acids and an EF-handlike structure located in the C terminus immediately following the last transmembrane domain. Mutations in the acidic cluster abolish channel activity, presumably by affecting Ca 2+ -dependent gating, although direct evidence for this is lacking because of the nonfunctionality of the mutant channels. Immediately following the acidic cluster is a structure that resembles an EF hand. The D312G mutation in the EF hand reduces Ca 2+ affinity by ∼20-fold, confirming that the EF hand is involved in Ca Recently, Qu et al. (163) used FRET and pull-down assays to examine the hypothesis that activation of hBest1 depends upon the interaction of the N and C termini. They found that in wild-type channels, the N and C termini interact, but disease-causing mutations in the N terminus or the in Ca 2+ -binding domain of the C terminus reduce this interaction. This suggests that hBest1 activation involves binding of Ca 2+ to the C terminus followed by interaction with the N terminus of the same or adjacent subunit. (150) . The SFXGS domain is present in all vertebrate bestrophins but appears to have different functions in different paralogs. Mutation of this region in Best2 results in an augmentation of current amplitude (150) . In hBest1, this region is involved in regulation of the channel by phosphorylation. The Ca 2+ -activated current is abolished by deleting the amino acids beyond 353, though the Ca 2+ -binding site is still intact (159) . By successive deletions and mutations, a regulatory domain in hBest1 was found to include amino acids 350-390. This region not only is critical for Ca 2+ -dependent channel activation but also is responsible for Ca 2+ -dependent channel www.annualreviews.org • Chloride Channelsrundown. Channel rundown is mediated through phosphorylation of S358 (164) . Several potential phosphorylation sites exist in hBest1 (42) . hBest1 can incorporate 32 P when transfected into RPE-J cells and can be coimmunoprecipitated with protein phosphatase 2A (PP2A) from human and pig RPE cells (165) . Bestrophin is also activated by nitric oxide in Calu-3 cells via a cGMP-dependent phosphorylation pathway (136) . Furthermore, mBest3 is essential for PKG-dependent CaCC in vascular smooth muscle (153) .
Phosphorylation
SH3-Binding Domains
Interestingly, an SH3-binding domain (330-350) lies between the Ca 2+ -binding site and the SFXGS regulatory domain in hBest1 (147) . This domain directly binds to the β subunit of Ca V channels to regulate Ca V 1.3. The residues P330 and P334-which are unique in hBest1 but are not present in mBest1, mBest2, and mBest3-are critical for regulation of Ca 2+ channels because mutation of both prolines abolishes this effect. The regulatory effect of hBest1 on Ca V channels has been demonstrated only in transfected cells to date, so the physiological relevance has not been established.
Cell Volume
In addition to being activated by Ca 2+ , bestrophins can be regulated by changes in cell volume. The volume-regulated Cl − current in Drosophila S2 cells is knocked down by dBest1 siRNA and rescued by transfection with both wild-type dBest1 and a mutant dBest1 with altered ion permeability (166, 167) . This supports the idea that the native volume-regulated anion channel in S2 cells is dBest1. In addition, hBest1 and mBest2 currents expressed in HEK cell lines are inhibited by hyperosmotic solutions (168) . However, neither Best1 nor Best2 is a volume-regulated anion channel in mammals; mBest1/mBest2 knockout mice have normal volume-regulated Cl − currents (167) . Nonetheless, it is unclear whether bestrophins function as CaCCs or volume-regulated Cl − channels under physiological and pathological conditions.
CONCLUSION
Given that diseases that affect Cl − channels such as cholera, diarrheal diseases of infancy, and CFTR may have killed more people than any other disease, it is surprising how slowly we are coming to understand how Cl − channels work. It seems that Cl − channels repeatedly take us unaware. Certainly, the next decade will bring exciting new insights as well as surprises. Understanding the roles of Cl − channels in cell proliferation and the identification of the proteins responsible for VRAC, for example, will be important mileposts that we all anticipate with excitement.
SUMMARY POINTS
1. Until recently, the role of Cl − in biological systems was not highly appreciated, but once it was realized that Cl − is actively transported in cells and that dysfunction of Cl − transport results in human disease, interest in Cl − blossomed.
2. Cl − may be a kind of second messenger in cells: Its concentration is regulated by channels and transporters, its intracellular concentration is dynamic on both short and long timescales, it is transported into and out of intracellular organelles, and it binds to and regulates the function of a variety of proteins.
Dysfunction of Cl
− transport is associated with more than a dozen human diseases.
